Nerve growth factors (NGF's) were purified from mouse submaxillary gland, guinea pig prostate gland, bovine seminal plasma, and venom of Naja naja atra, and their biochemical and immunological properties were compared. The NGF's from the four sources stimulated the maximal response of nerve fiber outgrowth from chick dorsal root ganglia at 10 ng/ml. Two-site enzyme immunoassay (ETA) systems for these NGF's showed that mouse NGF, guinea pig NGF, and bovine NGF were similar in immunological properties and that the crossreactivity was less than 1 % between snake NGF and mammalian NGF's. However, pretreatment with anti-snake NGF antibody inhibited the biological activity of mammalian NGF's even when their immunological activity was not completely inhibited. These results suggest that snake NGF and mammalian NGF's are similar in their biological activity but not in their immunological activity and that anti-snake NGF antibody recognizes the parts of mammalian NGF's essential for the biological activity.
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nerve growth factor, biochemical properties, immunological properties, mammalian NGF's, snake NGF Never growth factor (NGF) is an essential protein for supporting growth and maintenance of peripheral sympathetic neurons as well as for facilitating the development of some sensory neurons during a brief period of early development *To whom correspondence should be addressed [1] . NGF was first observed in mouse sarcomas [2, 3] , and a large amount of NGF was isolated from . snake venoms [4] [5] [6] [7] and from the mouse submaxillary gland [8, 9] . The biological and chemical natures of NGF have been extensively studied using mouse NGF [10] . Recently NGF has been also detected in other tissues :
prostate gland of guinea pig [11, 12] , rabbit, and bull [13] , seminal plasma of bovine, sheep, and goat [14] , seminal vesicle of bull [15] , and submaxillary gland of Suncus murinus [16] . The significance of the presence of NGF's in these organs is not clear, but they are good sources for obtaining sufficient amounts of NGF having potent effects on the sympathetic and sensory nervous systems. NGF's from some sources (mouse, snake, guinea pig, bovine, and Suncus murinus) have been isolated and characterized. These NGF's other than the snake one supposedly exist in the organs as high-molecular-weight NGF's (HMW-NGF) [10, 12, 16, 17] . The mouse HMW-NGF (7S NGF) consists of three subunits (a, (3, and r), and NGF activity resides only in the 3 subunit; while the r subunit is known to have esterase activity [10] . The NGF activity of guinea pig or bovine NGF resides in a low molecular weight protein (LMW-NGF), but the esterase activity is found only in the guinea pig HMW-NGF [12, 14] . Recently Harper et al.
[18] compared the biological activities of muse and bovine NGF's and reported that these NGF's are almost the same in their biological effects both qualitatively and quantitatively. Snake NGF is far different in its biochemical properties from the mammalian NGF's : NGF from Naja naja or Naja naja atra does not exist as a HMW-type and is a neutral protein, while the other NGF's are basic [5] [6] [7] ; snake NGF promotes nerve fiber outgrowth rather weakly [5] [6] [7] ; the biological activity of snake NGF is stable in alkali or acid or in the presence of some proteases [6] , whereas the others lose activity under such conditions. It is known that the outgrowth of nerve fibers from chick embryo dorsal root ganglia induced by NGF's is inhibited by anti-mouse NGF antiserum [13] . But snake [5] [6] [7] or Suncus marinas [16] NGF's do not show any immunocrossreactivity with anti-mouse NGF antiserum in the double diffusion test. Therefore, these NGF's are similar in the biological activity, but are slightly different in their immunological properties.
We have recently developed a two-site enzyme immunoassay (ETA) for mouse 13-NGF [19] . This assay is very practical and highly sensitive. So it is a very effective method to compare the immunological relationships among NGF's from various sources. In spite of the great progress in biochemical characterization of mouse NGF, the biochemical or immunological relationships among NGF's remain unclear, and quantitative analyses have not been performed. So we prepared LMW-NGF's in the pure state from various sources, established the ETA systems, and compared their biochemical and immunological properties. Biological assay. Biological activity of NGF was measured by the standard assay system described by Varon et al. [9] , where NGF concentration was assessed in terms of the abiltiy of the sample solution to stimulate the outgrowth of nerve fibers from explants of dorsal root ganglia from 8-day chick embryos cultured in a plasma clot under standard conditions. Results of this assay were expressed as the number of biological units (BU), where 1 BU is defined as the amount of NGF causing optimal fiber outgrowth. 1 BU was expressed as + 4 in some cases, where nerve fiber outgrowth was graded on a scale from + 1 to +5.
MATERIALS AND METHODS

Materials
Preparation of anti-NGF antisera and antibody IgG's. New Zealand White rabbits were injected subcutaneously into the back with purified mouse, guinea pig, or snake NGF (0.1 mg) emulsified with an equal volume of Freund's complete adjuvant. Booster injections were carried out with 0.05-0.1 mg NGF per booster every 2-4 weeks to achieve and maintain satisfactory titers. After at least 3 injections, the rabbits were bled 7-10 days after the final injection. Normal rabbit serum was also collected. IgG was obtained with a Protein A-Sepharose CL-4B (Pharmacia Fine Chemicals) column. After loading the serum onto the column (1 ml resin was used for 1 ml of serum) and washing the column, we eluted the adsorbed IgG with 1 % acetic acid containing 0.2 M NaCI. The eluaee was concentrated, dialyzed against 0.05 M acetate buffer (pH 5.0), and stored at -80°C.
Immunodi (fusion analysis. The immunodiffusion experiment was performed by standard procedures on 1 % agarose plates containing 0.9 % NaCI and 1 % Triton _X-100 [24] . Two-site EIA. According to the two-site ETA for mouse NGF developed by Furukawa et al. [19] , ETA systems for guinea pig and snake NGF's were established.
The antibody Fab'-j3-D-galactosidase complex was prepared by conjugating Fab' (prepared from IgG by pepsin digestion and reduction with 2-mercaptoethylamine) with ~3-D-galactosidase (jS-D-galactoside hydrolase, EC 3.2.1.23,' from Escherichia coil, Boeringer Mannheim Biochemicals) according to Kato et al. [25] using N,N'-o-phenylenedimaleimide.
Optimal assay conditions were determined as follows : 0.2 ml of IgG antibody solution (0.05 mg/ml) in 0.05 M Tris-HC1 buffer, pH 8.5, was placed in polystyrene tubes and was incubated for 1 h at room temperature. After washing the tubes twice with 0.5 ml of buffer A (0.1 M phosphate buffer, pH 7.0, containing 0.3 M NaCI, 1 mM MgC12, O.1% NaN3, and 0.1 %BSA), 0.15 ml of buffer A and 0.1 ml of sample solution were added; and the tubes were then incubated at 4°C for 12 h with gentle shaking. After washing as above, properly diluted anti-NGF antibody Fab'-linked jl-D-galactosidase conjugate in buffer A was added, and the tubes were incubated at room temperature for 5-8 h with gentle shaking. Finally enzyme activity bound on tubes was assayed with 4-methylumbelliferyl-p-D-galactoside as substrate as follows. Quarter milliliter of 0.06 mM substrate in buffer A containing 0.1 % Triton X-100 was placed in the tubes, which were then incubated at room temperature for 1 h. The enzyme reaction was stopped by the addition of 1 ml of 0.1 M glycine-NaOH buffer, pH 10.3, and the amounts of 4-methylumbelliferone formed were measured by fluorometry using a Hitachi spectrofluorometer (model 650-l OS). Wavelengths for excitation and emission were 360 and 450 nm, respectively.
Pretreatment of NGF with anti-NGF antibody IgG. Antibody IgG was serially diluted with phosphate-buffered saline (PBS) containing 0.1 % BSA, and 0.01 ml of each of these antibody solutions was mixed with an equal volume of NGF solution (60 ng/ml). The mixtures were incubated at 4°C for 12 h with gentle shaking, and subsequently used in the bioassay. Under the conditions used, if NGF solution was incubated with PBS-0.1 % BSA, the biological activity was " + 4 ." For EIA, 0.15 ml of each of these diluted IgG solutions was mixed with an equal volume of NGF solution (10 ng/ml), incubated as above, and assayed.
RESULTS
Purification of NGF's
Mouse NGF was purified from submaxillary gland according to the method of Varon et al. [9] , and snake NGF, from the venom of Naja naja atra according to Furukawa and Hayashi [6] . The purification of the guinea pig molecule was done essentially according to Chapman et al. [12] . The procedure is summarized in Table  1 , along with that for obtaining the molecule from bovine seminal plasma. Guinea pig prostate glands (30 g wet weight) were homogenized in 100 ml of cold distilled water in a Waring blender. The homogenate was centrifuged at 20,000 x g for 1 h to remove cell debris, and the supernatant was dialyzed against 0.02 M phosphate buffer, pH 6.8. The dialyzed supernatant was loaded onto a CM-Sephadex C-25 column (2.5 x 20 cm) equilibrated with the phosphate buffer. The pass-through fraction was concentrated to 50 ml with an Amicon PM-10 filter and dialyzed against 0.1 M citrate buffer, pH 3.0, containing 0.4 M NaCI. After centrifugation at 5,000 x g for 30 min, the supernatant was loaded onto a SP-Sephadex C-25 J. Clin. B ochem. Nutr.
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OF SOME PROPERTIES OF NERVE GROWTH FACTORS 77 column (2.0 x 20 cm) equilibrated with the dialysis buffer. The column was washed successively with the dialysis buffer, the citrate buffer without NaCI, and then 0.05 M acetate buffer, pH 5.0. Finally NGF was eluted with a linear NaCI gradient (0 to 1.0 M; total volume, 2 liter) in the acetate buffer. The NGF fraction was concentrated to 2 ml with an Amicon PM-10 filter, and loaded onto a Sephadex G-75
(superfine) column (1.1 x 110 cm) equilibrated with 0.05 M phosphate buffer, pH 6.9. The NGF fraction was concentrated and stored at -20°C before use. For the purification of bovine NGF, the procedure reported by Harper et al. [14] was modified. Bovine semen (25 ml) was diluted with cold distilled water (1: 1-2) and centrifuged at 20,000 x g for 1 h. The supernatant (seminal plasma) was dialyzed against 0.02 M phosphate buffer, pH 6.8, and loaded onto a CMSephadex C-25 column (2.0 x 20 cm) equilibrated with the phosphate buffer. After washing the column, NGF activity was eluted with a linear NaCI gradient (0 to 0.4 M; total volume, 800 ml) in the phosphate buffer. The NGF fraction was concentrated to 2 ml with an Amicon PM-10 filter and loaded onto a Sephadex G-75 (superfine) column (1.1 x 123 cm) equilibrated with 0.05 M phosphate buffer, pH 6.9 After dialyzing the partially purified bovine HMW-NGF against 0.1 M citrate buffer, pH 3.0, containing 0.4 M NaCI, the NGF fraction was loaded onto a SPSephadex C-25 column (5 ml) equilibrated with the dialysis buffer. After washing as described for guinea pig NGF, bovine NGF was eluted with a linear NaCI gradient (0 to 1.0 M; total volume, 200 ml) in 0.05 M acetate buffer, pH 5.0. The NGF fraction was concentrated and stored at -20°C after changing the buffer to 0.05 M phosphate buffer, pH 6.9. Mouse, guinea pig, bovine, and snake NGF's showed one protein band on polyacrylamide gel electrophoresis at pH 4.3 (data not shown). SDS-gel electrophoresis showed one major and one minor band for each NGF. The molecular weights calculated for the main bands of mouse, guinea-pig, bovine, and snake NGF's were 10,500, 10,900, 11,800, and 11,000, respectively. These values are [A]
[B] OF SOME PROPERTIES OF NERVE GROWTH FACTORS 79 slightly smaller than those previously reported [6, 10, 12, 18]. The molecular weight of each minor band was estimated to be double of those of each main band. These minor bands did not disappear by the prolonged incubation of the sample with 2-mercaptoethanol. Upon isoelectric focusing, guinea pig, bovine, and snake NGF's each showed a single band at pI 8.65, 9.30, and 7.05, respectively (data not shown). Mouse NGF separated into two bands of pI 9.13 and 9. 55, probably because of the heterogeneity in the terminal residues of the protein [17] .
Biological activity Figure 1 shows the results of bioassay for the purified mouse, guinea pig, bovine, and snake NGF's. These NGF's promoted the maximal outgrowth of nerve fibers at the same concentration, namely, 10 ng/ml. As can be seen in Fig. 1 , the fiber outgrowth was weak for snake NGF, as reported by Hogue-Angeletti et al.
[5].
Immunodiffusion analysis
Antisera were raised against purified NGF's except for bovine NGF. The amount of purified bovine NGF was too small for use as an immunogen. Figure  2 shows the immunoreactivity between NGF's using the anti-mouse or anti-guinea pig NGF antiserum. The precipitin lines of mouse and guinea pig or mouse and bovine NGF's showed spur formation against the both anti-mouse or anti-guinea pig NGF antiserum. On the other hand, precipitin lines of guinea pig and bovine NGF's fused against the both antiserum. Snake NGF did not show any precipitin line against these antisera, and reversely, mammalian NGF's showed no precipitin line against the anti-snake NGF antiserum (data not shown). These results indicate very low crossreactivities between snake and other NGF's.
Two-site EIA
We have already detailed the two-site ETA system for mouse NGF [19] . In the work presented here the two-site ETA systems of guinea pig and snake NGF's were established. This assay is based on the sandwiching of an antigen molecule between antibody IgG immobilized on polystyrene tubes and antibody Fab'-galactosidase complex. Figures 3B and 3C show calibration curves for guinea pig NGF and snake NGF, respectively. With these ETA systems, we could detect 40 pg to 10 ng/ml of guinea pig NGF and 40 pg to 20 ng/ml of snake NGF, when 0.25 ml of sample solution was used. For mouse NGF we can detect 10 pg to 2.4 ng/ml of the NGF [19]. Since we could not obtain antiserum to bovine NGF, its own ETA system could not be established. However, its relatively high crossreactivity with mouse or guinea pig NGF's (Fig. 2) enabled us to quantitate bovine NGF with the ETA system of mouse or guinea pig NGF. The calibration curves for bovine NGF in these ETA systems are included in Fig. 3 . When bovine NGF was assayed in the guinea pig NGF ETA system, 100 pg to 6 ng of bovine NGF could be quantitated.
Comparison of antigenicity by two-site EIA The four NGF's were quantitated with the three two-site ETA systems for mouse, guinea pig, and snake NGF's (Fig. 3) . The immunocrossreactivities between mouse and guinea pig or mouse and bovine NGF's were calculated to be 50 or 42%, respectively, in the mouse NGF ETA (Fig. 3A) . The crossreactivities between guinea pig and mouse or guinea pig and bovine NGF's were 33% each, which was calculated from data obtained with the guinea pig NGF ETA (Fig. 3B) . The calibration curves of mouse and bovine NGF's in the guinea pig NGF ETA behaved similarly at low antigen concentrations, but at higher ones the intensity for bovine NGF attained a higher level than that for guinea pig NGF. The reason for this phenomenon is not clear. Snake NGF was not detected by ETA for mouse or guinea pig NGF. Conversely, mammalian NGF's could not be detected by the ETA for snake NGF (Fig. 3C) .
Effect of pretreatment of NGF with anti-NGF antibody IgG on the immunological activity in the two-site EIA NGF's pretreated with various anti-NGF antibody IgG were assayed with the respective ETA systems. The antibody IgG was obtained from a Protein ASepharose column, not from an affinity column; thus, these IgG fractions also contain IgG that does not recognize NGF. For bovine NGF, the ETA for guinea pig NGF was used since, as stated earlier, no ETA for bovine NGF has been established. Figure 4 shows the inhibition of fluorescence intensity when NGF's were pretreated with various ratios of antibody IgG. Similar results were obtained for the inhibition by the anti-mouse and anti-guinea pig NGF antibody IgG's. The inhibition for all NGF's in these systems increased as the IgG/NGF ratio was elevated, though that for snake NGF remained rather weak ( Fig. 4A and 4B ). On the other hand, when NGF's were preincubated with the anti-snake NGF antibody IgG, the fluorescence intensities for mouse, guinea pig, and bovine NGF's gradually decreased. The inhibitions for these NGF's did not attain 100% even A 6 C Fig. 3 . Comparison of the antigenicity of NGF's from various animals by two-site ETA system. A, B, and C correspond to ETA systems for mouse, guinea pig, and Naja naja atra NGF's, respectively.
•, Mouse NGF; 0, guinea pig NGF; A, bovine NGF; z, Naja naja atra NGF.
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at very high concentrations of the anti-snake NGF antibody IgG; they reached a plateau at 66, 53, and 74% inhibition for mouse, guinea pig, and bovine NGF's, respectively. No inhibitory effect was observed for any NGF when normal serum IgG was used instead of antiserum IgG.
Effect of pretreatment of NGF with anti-NGF antibody IgG on the biological activity NGF's were treated similarly as described above and assayed with the bioassay. When anti-mouse or anti-guinea pig NGF antibody IgG was used, the biological activities of NGF's other than snake NGF decreased as the weight ratio of IgG against NGF was increased ( Fig. 5A and 5B). The activity of snake NGF was inhibited by the pretreatment with a relatively high concentration of anti-mouse NGF antibody IgG, but clear inhibition was not evident in the case of pretreatment with anti-guinea pig NGF antibody IgG. On the other hand, when anti-snake NGF antibody IgG was used, the biological activities of the mammalian NGF's were also considerably inhibited, though not so much as was the snake NGF (Fig. SC) . No inhibitory effect was observed for any NGF when normal serum IgG was used instead of the antiserum IgG.
In order to clarify the correlation between the inhibitions of the biological and immunological activities, the biological response and the decrease of the fluorescence intensity in the EIA at the identical IgG/NGF ratios were plotted (Fig. 6) . As can be seen, pretreatment with the anti-snake NGF antibody IgG markedly decreased the biological activities of mammalian NGF's at the immunological inhibition of 66, 53, and 74% for mouse, guinea pig, and bovine NGF's, respectively.
DISCUSSION
We have already purified mouse and snake NGF's [6, 7, 19]. Initially we tried to purify NGF's from guinea pig prostate gland and bovine seminal plasma according to the reported procedures, but we could not obtain sufficient amounts from these sources. One of the reasons for this is that our sources contained less NGF than those reported. Chapman et al. [12] reported that 1 g of guinea pig prostate gland contained 5,050 BU of NGF, while in our hands only 3,700 BU of NGF was detected in 1 g of the gland. Further, Harper et al. [14] reported that 1 ml of bovine seminal plasma contained 0.7 mg of NGF, whereas 1 ml of the plasma in our experiment contained only 0.04 mg of NGF, which was calculated using the value of the protein concentration equivalent to 1 BU for purified bovine NGF (Table 1) . We also examined the content of NGF in bovine seminal vesicle, but it was far smaller again than expected from the literature [15] . These differences might be due to species differences. So we carefully examined the isolation procedures. For the purification of bovine NGF, Harper et al. [14] successively passed the seminal plasma through DEAF-and CM-cellulose columns equilibrated with the identical buffer, 20 ifiM phosphate, pH 6.8. But according to our experience, NGF activity was adsorbed to a cation exchange resin (CM-Sephadex C-25 in our case) under the conditions used by Harper et al. [14] , and was not eluted by washing with the same buffer. So we used a linear gradient of NaCI for the elution of NGF from the column. Next, we applied the NGF-active fraction to gel chromatography using Sephadex G-75 resin (superfine), which was very effective to remove contaminating proteins. However, our overall recovery of bovine NGF was very low, perhaps because of the small content of NGF in the starting material.
For the purification of guinea pig NGF, Chapman et al.
[12] used CM-cellulose at pH 3.0 for the second ion-exchange chromatography. However, we could not succeed with this procedure. This chromatographic condition seemed , rather severe for the CM-type ion exchanger, so we used SP-Sephadex instead of CM-resin. The active fraction eluted from the SP-Sephadex column by a linear gradient of NaCI; however, the NGF was still contaminated. And here again making use of a Sephadex G-75 (superfine) column, we could purify guinea pig NGF in a homogeneous state.
All NGF's purified by us promoted the maximal nerve fiber outgrowth from chick embryo dorsal root ganglia (1 BU) at 10 ng protein/ml, while the value for bovine NGF reported by Harper et al. [14] was 2-5 ng/ml and that for guinea pig NGF reported by Chapman et al. [12] was 30-60 ng/ml. It is well known that the bioassay method is semiquantitative and seems to depend on the conditions, but the value of Chapman et al.
[12] appears to be a little high. Their NGF from guinea pig prostate gland showed three bands on isoelectric focusing, while ours showed only one band. One possibility is that their NGF sample was somewhat contaminated or partially degraded.
Each NGF showed one band on the polyacrylamide gel electrophoresis at pH 4.0; but when. SDS-gel electrophoresis was used minor bands of higher molecular weight were observed. What the minor bands correspond to is not clear, but dimeric NGF molecules might still exist in spite of the denaturing conditions. All mammalian NGF's mentioned in this report showed similar biochemical properties including their behavior in SDS-gel electrophoresis or isoelectric focusing; whereas NGF from Naja naja atra was different from the others, for it is a neutral protein For this current study we developed highly sensitive two-site EIA systems for guinea pig and snake NGF's. These assay systems are practical and convenient especially in the course of purification of the respective NGF's. It should be stressed that the EIA for Naja naja atra NGF is extremely useful since nerve fiber outgrowth by snake NGF is rather weak and it is difficult to assess its activity with the bioassay.
The immunological properties of NGF's were examined with the double diffusion test and EIA. Snake NGFs has been shown to be distinct from mammalian NGF's in its immunological properties. On the other hand, the mammalian NGF's are immunologically related to each other. According to the double diffusion test , precipitin lines of guinea pig and bovine NGF's showed complete fusion when either anti-mouse or guinea pig NGF antiserum was used. On the other hand , the precipitin lines of mouse and guinea pig or mouse and bovine NGF's formed a spur with both antisera. These results indicate that mouse NGF has additional epitopes to those shared with other mammalian NGF's , while guinea pig and bovine NGF's possess similar epitopes. Harper et al. [14] reported that no precipitin line formed between bovine °NGF and antiserum to mouse NGF, which conflicts with our result. The immunocrossreactivities were also estimated from the two-site ETA systems, more quantitatively. Considering that the assay system is based on the sandwiching of the antigen between IgG and Fab'-enzyme, the apparent values for immunocrossreactivities may be counted in a double manner . So the square root of the apparent values may be close to the true immunocrossreactivities : 57-71 % between mouse and guinea pig NGF's; 57% between bovine and guinea pig NGF's ; 65% between bovine and mouse NGF's. Finally, mutual immunocrossreactivities among all three mammalian NGF's are similar. These values are rather high compared with those calculated from the two-site radioimmunoassay conducted by Harper and Thoenen [13] .
We examined the effect of preincubation of NGF with each of the three antibody IgG's on the biological activity. The results corresponded rather closely to the immunocrossreactivities, but the biological activities of mammalian NGF's were considerably more inhibited by the pretreatment with the antisnake NGF antibody IgG than had been expected. This unexpected inhibitory effect of antisnake NGF antibody on the biological activity of mammalian NGF's seems to suggest that the anti-snake NGF antibody contains IgG that recognizes the portions of NGF that are important for its biological activity while other antibodies contain little of such IgG. Since structural similarities between snake and mammalian NGF's seem to be small' and the immunocrossreactivities between them are low, anti-snake NGF antibody immunoreactive with mammalian NGF's might be directed to the portions that are essential forr the NGF activity. One such candidate is the binding site of NGF recognized by the NGF receptor on the cell surface. Recently, monoclonal antibodies to bovine NGF were prepared [26] . These antibodies might be useful for further immunological comparison between NGF's and for mapping of the functional sites of NGF.
